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The first amplitude and phase-sensitive detection of freespace far-infrared electromagnetic transients was demonstrated more than a decade ago. 1 Since that time, many applications of terahertz time-domain spectroscopy 2 have emerged ranging from fundamental research in condensed matter to three-dimensional imaging. 3 However, the bandwidth of this technique is limited to approximately 5 THz. 4 In recent years, an alternative detection scheme based on free-space electro-optic sampling has been developed. 5, 6 Being nonresonant in nature, this approach has the potential of providing a substantially higher detection bandwidth. Indeed, sampling of electromagnetic radiation extending into the midinfrared region was demonstrated recently. 7 This frequency range is extremely interesting since it covers the vibrational resonances of molecules and solids. A comparison between photoconductive and electro-optic THz sampling can be found in Ref. 8 .
In this letter, we present a calculation of the theoretical response function of electro-optic crystals which shows that inclusion of the dispersion of the second-order nonlinear coefficient is important. We also present ultrabroadband coherent measurements of free-space electromagnetic transients using extremely thin (dϷ10 m) GaP and ZnTe crystals as electro-optic sensors and devices based on high-field carrier transport as emitters. Correcting the measured signals for the calculated detector response allows us to reconstruct THz wave forms with frequency content up to 70 THz.
In our experiments we employ reverse-biased GaAs and InP p -i -n diodes as THz sources. The devices consist of a 5 nm semitransparent Ti contact, a 20 nm p ϩ layer, and a 500 nm intrinsic zone molecular beam epitaxy grown on n ϩ substrates. A convergent beam of 12 fs laser pulses with a central wavelength of 835 nm is incident on the emitter under an angle of 70°. Electron-hole pairs are excited in the intrinsic region over a large area of 1 mm by 3 mm. The average absorbed pump power in the diodes is as low as 15 mW at a pulse repetition rate of 80 MHz. The ultrafast acceleration and deceleration of the carriers in the electric field leads to the radiation of a THz electromagnetic signal into free space. This transient is detected in an electro-optic crystal at the position of the focus of the reflected pump beam at a distance of 12 mm from the diode. A gating beam is coupled in via a 500 m Si filter with a 4 nm Au coating. The birefringence induced in the sensor by the THz electric field is sampled by the time-delayed gating pulse, which is analyzed via a shot-noise-limited detection scheme ͑see Refs. 5-7͒. As electro-optic detectors, we have studied ͗110͘-oriented ZnTe and GaP crystals with d between 6 and 20 m. The sensors are contacted to inactive ͗100͘-oriented substrates of a thickness of 200 m in order to prevent Fabry-Perot effects.
The complete frequency response function R() of the electro-optic detectors is obtained with the following model: The influences of linear optics such as the mismatch between the THz phase velocity and the group velocity of the optical gating pulse, reflection losses at the detector surface, and absorption inside the crystal have been described recently. 6, 9 The amplitude and phase of the electro-optic modulation for a given THz frequency is proportional to the complex function G() given by Eq. ͑2͒ in Ref. 6 :
The group refractive index n g ( 0 ) at the wavelength of the optical gating pulse is calculated from dispersion data in the near-infrared regime. The dielectric response of a harmonic oscillator is used to parametrize the complex refractive index n() of the THz radiation:
The absolute value of G() calculated for a GaP detector of a thickness dϭ13 m is depicted versus frequency in Fig. 1͑a͒ . A structured dip in the amplitude spectrum appears in the reststrahl region around 11 THz. This feature reflects a͒ Electronic mail: aleitens@physik.tu-muenchen.de APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 11 15 MARCH 1999 the high absorption of the material and the large velocity mismatch near the lattice resonance. Above 20 THz, the amplitude of G() rolls off since the accumulated time delay between the gating pulse and the midinfrared phase approaches the inverse frequency of the THz radiation. At 40 THz, the probe pulse sweeps over exactly one THz cycle while passing through the crystal resulting in a cancellation of the polarization rotation. G() represents the detector response only if the electro-optic coefficient r 41 of the sensor material is frequency independent. However, r 41 exhibits a strong dispersion and resonant enhancement due to the lattice resonance. We find that this effect accounts for very pronounced features in the response functions. An analytic expression for r 41 () has been derived in Ref. 10 , Eq. ͑5͒:
The Faust-Henry coefficient C represents the ratio between the ionic and the electronic part of the electro-optic effect at ϭ0. A negative sign of C ͑see Table I͒ indicates that both contributions subtract from each other in the frequency regime below the lattice resonance. 10, 16 The purely electronic nonlinearity r e is assumed to be constant at the mid-and far-infrared frequencies .
The calculated amplitude spectrum of r 41 () is shown in Fig. 1͑b͒ : The minimum at 8 THz results from a cancellation of the electronic and the lattice contributions to the optical nonlinearity. At the TO phonon frequency ͑11 THz in GaP͒, the nonlinear coefficient is resonantly enhanced. r 41 () remains high in the entire midinfrared because the electron and phonon contributions are of identical sign.
The full complex response function R() of the detector is then given by R͑ ͒ϭG͑ ͒ϫr 41 ͑ ͒. ͑4͒
The material parameters entering our calculations of R() are collected in Table I . [11] [12] [13] [14] [15] [16] Figure 2 displays the amplitude spectrum versus frequency of the THz transient from a GaAs p -i -n diode as measured with a GaP sensor of a thickness dϭ13 m ͑dots and thin line͒. The bias electric field in the emitter is 130 kV/cm. For comparison, the calculated amplitude response ͉R()͉ of the sensor, normalized to unity at low frequencies, is shown as a thick line in Fig. 2 . The total amplitude response of the detector is flat up to a frequency of 6 THz. As expected from the dispersion of r 41 (), a dip at 8 THz appears in the experimental data. Interestingly, the structure around the lattice resonance at 11 THz is not very pronounced in both the measured spectrum and the calculated ͉R()͉: The minimum in ͉G()͉ and the resonant enhancement of r 41 () roughly compensate for each other. The dip due to the velocity mismatch at 40 THz is also found in the measurement. Some amplitude is regained for frequencies around 60 THz before the phase delay approaches two infrared cycles at 80 THz. The higher signal amplitude in the   FIG. 1 . Amplitude of the linear part of the detector response function G() vs frequency ͑a͒ and dispersion of the absolute value of the electro-optic coefficient r 41 () ͑b͒ as calculated for a GaP electro-optic sensor of a thickness of 13 m.
TABLE I. Material constants used in the calculation of the frequency response functions R() of ZnTe and GaP electro-optic detectors. The transverse and longitudinal optical phonon energies and the lattice damping are denoted by ប TO , ប LO , and ␥, respectively. ⑀ ϱ is the high-frequency dielectric constant, C the Faust-Henry coefficient, and n g the group refractive index at a wavelength of 835 nm. experimental spectrum at lower frequencies and some additional structures are related to the ultrafast carrier transport in GaAs, 17 which acts as a coherent source for the THz radiation. We observe frequency components up to approximately 70 THz, corresponding to a wavelength of 4 m, which are clearly above the noise floor. To our knowledge, these results represent the highest bandwidth for amplitude and phaseresolved detection of electromagnetic radiation reported to date. This finding demonstrates that the high-field acceleration of photocarriers in biased semiconductors can be exploited as an efficient source of radiation covering the entire midinfrared regime while requiring much lower intensities and power levels than optical rectification. 7 The early part of the measured electro-optic signal from the GaAs emitter at a bias field of 30 kV/cm is shown in the upper inset of Fig. 2: The time trace exhibits a double-step structure with two peaks separated by 80 fs. These data have been corrected for the amplitude and phase response of the sensor calculated with the model described above. The resulting signal shape is displayed in the lower inset of Fig. 2 . As expected from the instantaneous onset of charge acceleration in the GaAs diode, the recovered signal exhibits a sharp rise within the 20 fs time resolution of our setup, resembling an electromagnetic shock wave. The amplitude remains constant for approximately 100 fs, indicating ballistic acceleration of the electrons in the p -i -n device. A more detailed interpretation of these results is given elsewhere. 17 In Fig. 3 , the time trace of the electro-optic signal from an InP emitter diode at a bias field of 90 kV/cm is shown together with the corresponding amplitude and phase spectra. The uncorrected data are displayed on the left-hand side of Fig. 3 . The data on the right-hand side have been corrected for the calculated response function of the dϭ8 m ZnTe sensor. In contrast to the GaP detector, the dip in the amplitude spectrum ͓Fig. 3͑c͔͒ around the lattice resonance ͑5.3 THz͒ is much more pronounced in ZnTe. This finding indicates a weaker ionic contribution to the second-order nonlinearity in this material. The result is a smaller resonant enhancement of r 41 () in the reststrahlen band, and thus, a strongly reduced sensitivity due to reflection losses and velocity mismatch. No direct measurements of the FaustHenry coefficient C are available for ZnTe. A theoretical study predicts a value of CϭϪ0.32, 18 i.e., conditions similar to GaP where CϭϪ0.47 ͑see Fig. 5 In conclusion, we have given a full theoretical description of the response of ultrabroadband electro-optic sensors. The calculations show the importance of properly accounting for the dispersion of the electro-optic coefficient and provide excellent agreement with experimental data. As an application, the measurement of the precise time trace of midinfrared electromagnetic transients has been demonstrated. The coherent emission of Hertzian dipole radiation based on ultrafast carrier transport in semiconductors is shown to contain a frequency spectrum with components between 100 GHz and 70 THz, corresponding to the wavelength interval from 3 mm to 4 m.
This work was partially supported by the NEDO Femtosecond Technology Project. FIG. 3 . ͑a͒, ͑c͒, and ͑e͒: electro-optic THz signal, amplitude, and phase spectrum from an InP emitter at a bias field of 90 kV/cm, as measured with a 8 m thin ZnTe sensor. The corresponding data after correction for the detector response are displayed in ͑b͒, ͑d͒, and ͑f͒.
